High-order wavefront correction is not only beneficial for high-contrast imaging, but also spectroscopy. The size of a spectrograph can be decoupled from the size of the telescope aperture by moving to the diffraction limit which has strong implications for ELT based instrument design. Here we present the construction and characterization of an extremely efficient single-mode fiber feed behind an extreme adaptive optics system (SCExAO). We show that this feed can indeed be utilized to great success by photonic-based spectrographs. We present metrics to quantify the system performance and some preliminary spectra delivered by the compact spectrograph.
INTRODUCTION
Photonic technologies are now ubiquitous in everyday life. These technologies offer a diverse range of functionality including spectral filtering, 1 dispersion, 2 spatial filtering 3 and reformatting 4 to name a few, all in a compact and robust footprint which can be easily stabilized. This makes these devices highly desirable for implementing into astronomical instrumentation.
However, these functionalities are only available if the device is designed to be diffraction-limited. This means that the device operates with only a single-mode which is characterized by a Gaussian intensity distribution and a flat wavefront (i.e. light can only propagate through the device if it is in this mode). Coupling light from a telescope into a diffraction-limited device of this nature efficiently is where the difficulty lies.
The point-spread function (PSF) at the focal plane of a telescope is distorted by atmospheric turbulence and is therefore far from diffraction-limited. Adaptive optics (AO) systems are commonly used to correct for this and go someway to restoring the PSF by flattening the wavefront. However, typical single conjugate AO systems used at many observatory's offer Strehl ratios of the order of 20 − 50% in the H-band. 5, 6 This translates to 200-320 nm of RMS wavefront error at a wavelength of 1600 nm. Still far from the ideal flat wavefront (0 nm RMS error). In addition, the PSF of a telescope is an Airy pattern produced by the uniform illumination of the telescope optics which creates diffraction rings around the PSF. This means that the PSF intensity distribution is also mismatched with respect to the ideal Gaussian shape desired by photonic devices. It is these mismatches in wavefront and intensity that make it intrinsically difficult to couple light efficiently into single-mode devices from ground-based telescopes and hence exploit photonic functionalities.
Combating these two issues involves the use of advanced wavefront control systems termed Extreme AO systems (ExAO) as well as pupil apodization techniques common place in coronagraphy. ExAO systems enabling ∼ 90% Strehl ratios in the H-band are now operational at several observatory's. 7, 8 With this level of wavefront correction the residual wavefront error is reduced to ∼ 80 nm RMS at a wavelength of 1600 nm. This is achieved by controlling a larger region around the PSF in the focal plane and doing so at higher speed then with conventional AO systems.
Pupil apodization is the method whereby the intensity distribution in the pupil plane (and hence the focal plane as they are correlated) is remapped such that it has a gradually degrading signal that disappears at the edges of the pupil, which does not create diffraction features in the focal plane. A lossless form of apodization that has been termed Phase Induced Amplitude Apodization (PIAA), 9 relies on the use of two aspheric optics positioned in the pupil plane to reformat the beam. This was originally designed for coronagraphy where the aim is to cancel the on-axis star light and allow a closely separated faint companion to be transmitted by the coronagraph. Indeed the requirements for optimum cancellation are identical to efficient fiber injection: the intensity distribution should be as compact as possible with no diffraction features.
In this body of work we present our recent results in our endeavor to address these limitations. We will outline the fiber injection system that is deployed on the Subaru Coronagraphic Extreme Adaptive Optics (SCExAO) instrument and both the laboratory and on-sky characterization of the efficiency with which we can couple light into a single-mode fiber (SMF). Subsequent to this we demonstrate the injection of this light into a compact photonic spectrograph realizing a highly efficient instrument.
THE INSTRUMENT AND FIBER INJECTION

The Subaru Coronagraphic Extreme Adaptive Optics instrument
A schematic of the SCExAO instrument is shown in Fig. 1 . A complete description of the instrument is offered elsewhere. 10 Here we focus on the main elements relevant to this work. The main instrument consists of two optical benches mounted on top of each other connected via a periscope. The light enters the bottom bench (Infrared (IR) bench) from the facility AO system, AO188, 6 which does a correction upstream of SCExAO. In median seeing AO188 delivers a beam with 30 − 40% Strehl ratio in the H-band. The visible light is reflected at the dichroic and sent up the periscope to the bench where the pyramid wavefront sensor is located (visible bench). The pyramid wavefront sensor is the primary wavefront sensor in SCExAO and operates at 1.5-3.5 kHz with very low latency (∼ 1 ms). It is used to drive the ExAO loop because of its exquisite sensitivity to high order modes. The correction is applied to the 2000-element deformable mirror (DM) (Bostom MicroMachines Corporation) on the bottom bench common to all beam paths. After the DM, the light passes through a common pupil mask which simulates the spiders and secondary of the telescope. Note on-sky SCExAO observes in fixed pupil mode and the pupil is oriented with the k-mirror in AO188 so that it sits behind the internal pupil mask. The light is then passed through the PIAA optics described in the introduction. A pair of aspheric lenses made from CaFl 2 are used to do the apodization. The first lens moves some of the rays of light radially from the edge of the beam towards the center while the second lens recollimates the beam.
11 This creates a beam with a prolate spheroid cross-sectional profile (near-Gaussian) and a 1/e 2 beam size of 7.9 mm. The beam is then focused by a 519 mm off-axis parabola (OAP) (OAP2 in Fig. 1 ). The f65 beam is intercepted on the way to the focus by a deployable 1180 nm short pass filter (> 95% reflectivity from 1200-1750 nm). The filter steers the light in band towards the fiber injection rig as shown in Fig. 2. 
Fiber injection
The rig consists of a 5-axis stage mounted on two parallel rails. The X, Y & Z axes are driven by linear stepper motors (T-NA08A25, Zaber Technologies) with a minimum step size of 50 nm. The tip/tilt axes have hand driven actuators. A bracket which can support several fibers is mounted atop the 5-axis stage. For these experiments the bracket held a single-mode fiber (SMF-28-J9) and a 365 µm core diameter, step index multimode fiber (MMF) (FG365LEC). The purpose of the MMF will be explained below. Both were terminated with SMA connectors for ease of mounting. Only one fiber was aligned at the focus at any one time. To swap between them the stage was translated horizontally/vertically to bring the other fiber into the focus.
A small aspheric lens (f = 7.5 mm, φ = 5.0 mm) was placed in front of the rig, on a separate carriage also mounted on the rails. The purpose of the lens was to adjust the focal ratio of the beam being injected into the fiber and hence optimize the coupling. To adjust the focal ratio, both the fiber rig and the small lens were moved along the rails with the aid of a stepper motor. As the focal ratio was changed, the coupling into the fiber was reoptimized (X, Y & Z). The light was first coupled into the large MMF for simplicity. A blind step of the appropriate size was used to move the SMF fiber into the focus. In order to fine tune its alignment, visible laser light was reverse injected into the bench through the SMF. The fiber rig was adjusted laterally and in tip/tilt until the reverse injected beam was co-aligned with the incoming beam and it was centered on all optics upstream to the injection. At this point, light could be coupled into the SMF in the forwards direction. An optimization was carried out by scanning the stage in X, Y & Z.
The optimum focal ratio for injection is the one that creates a PSF which has the best overlap with the mode of the fiber. The SMF-28-J9 has a 10.4 µm, 1/e 2 mode field diameter and it was determined from simulation, a focal ratio of f5.3 ± 0.1 is required for optimally coupling in the apodized beam. The fiber rig and aspheric lens were scanned along the length of the rails and the coupling into the SMF was optimized at each position. From this the position of maximum coupling and hence the optimum focal ratio was located and the rig was parked at this location.
Photometric setup
To determine the coupling efficiency both on and off sky the light coupled into the SMF and MMF was transported to a photometric setup. The large extent of the MMF (∼ 1.4" on-sky) enabled it to collect all of the flux in the focal plane regardless of the level of AO correction. This was used as a reference to calibrate the flux in the SMF and hence the coupling efficiency. For clarity, the process involved first measuring the flux through the SMF followed by the flux through the MMF for the same target under the same conditions, and using this to determine the coupling efficiency.
To measure the flux through each fiber, their outputs were reimaged onto a single sensitive photodetector (OE-200-IN2, Femto) with the aid of fiber collimators and a lens pair as shown in Fig. 1 and Fig. 2 . A 90 : 10 non-polarizing beam cube was used to get both beams onto the detector (note this means that 90% of the flux from the MMF was thrown away and 10% from the SMF). The system was aligned so that both of the spots from the SMF and MMF landed on the 300 µm diameter, InGaAs photodiode. Recall that only one of the fibers is in the focus of the beam at any one time and so only a single beam is ever on the detector at once. A filter wheel was used to measure the coupling into the SMF in six channels across the J and H-bands (1250, 1300, 1350, 1500, 1550, and 1600 nm). All had a 25 nm bandwidth except for the 1600 nm one which had a 50 nm bandwidth.
Photonic spectrograph
The light from the SMF was split with a 90 : 10 ratio with an achromatic fiber splitter (TW1550R2F2, Thorlabs) before being injected into the photometric setup (see Fig. 1 ). The 10% port was connected to the photometric setup while the 90% port was fed to a photonic spectrograph.
The photonic spectrograph is shown in Fig. 3 . The light delivered from the photometric setup was first injected into an arrayed waveguide grating (AWG) based spectrograph. This compact photonic device has a resolving power of R = 7000, has a free spectral range of 52 nm, and has been the topic of numerous previous studies. 12, 13 To separate the orders, the output beam was cross-dispersed onto a detector. The light was first collimated by 3, f = 50 mm achromats, before being dispersed by a NSF11 prism. The output beam was focused with a f = 150 mm achromat onto an InGasAs detector (Xeva-1.7-320 TE3, Xenics). The 320 × 256 pixel camera was inclined at 45
• with respect to the beam for optimum focus of the spectra at all wavelengths simultaneously. The overall system was designed to have a resolving power between 4500-6000 in J and H bands.
Calibration of spectra
To calibrate the spectra, a flat field was taken with the halogen lamp in the calibration source (see Fig. 1 ) injected into SCExAO and through all subsequent optics to the detector of the spectrograph. As the resolving power was relatively low, a simple wavelength calibration was implemented with the use of the HeNe laser centered at 1523 nm in the calibration source.
RESULTS
SMF coupling efficiency
The coupling efficiency was characterized off-sky with varying degrees of wavefront error by using the turbulence simulator. In this case the super continuum source was used in conjunction with phase maps applied to the DM. The phase maps were based on a Kolmogorov power spectrum with the low spatial frequencies attenuated to mimic a low order AO correction. The phase map was continuously passed across the DM at a rate which corresponds to a windspeed of 10 m/s. To accurately determine the applied wavefront error, images of the PSF were taken in the H-band with the internal NIR camera. The images were dark subtracted and then the Strehl ratio was calculated for a cube of 1000 images and averaged. The coupling efficiency as a function of the Strehl ratio is shown in the left panel of Fig. 4 . Using Marchels approximation the applied RMS wavefront error was determined from the measured Strehl ratio. The coupling efficiency as a function of the applied RMS wavefront error is shown in the right panel of Fig. 4 . It can be seen that the coupling efficiency is maximum at longer wavelengths (1500-1600 nm) and reaches a value as high as 74% in the limit where the wavefront error is low (i.e. the Strehl is near 100%). Note, given the pupil geometry for Subaru Telescope, the theoretical maximum coupling efficiency of a non-apodized beam would be 59%, which clearly demonstrates the benefit of the PIAA optics for coupling.
The higher coupling at the longer wavelengths is attributed to the fact the system was optimized for coupling at 1550 nm where the spot size best matches the mode size and the lower wavefront errors at longer wavelengths. At other wavelengths the spot size and mode size diverge reducing the coupling. It can also be seen that as the Strehl ratio is reduced (i.e. the wavefront error increases) the coupling efficiency decreases in a monotonic way. This validates that the optimum coupling into a SMF occurs when the wavefront is flat (i.e. 0 nm RMS wavefront error) and decreases the further one diverges from this condition.
The maximum theoretical coupling into a SMF using PIAA lenses is ∼ 99%. However, if one considers that light is diffracted away from the PSF due to the spiders supporting the secondary mirror, the theoretical maximum coupling efficiency drops to 91%. Therefore the result above demonstrates the potential to obtain 81% of the theoretical maximum achievable coupling efficiency in practice. The non-ideal coupling efficiency could be attributed to several factors or a combination thereof, including: a non-perfect focal ratio of injection, non-common wavefront error between the internal NIR camera and the fiber injection as well as imperfect PIAA optics. The final point is most likely the main contributor to the reduced coupling and will be the subject of further investigation. Nonetheless, assuming ExAO levels of wavefront correction (80 nm RMS wavefront error at 1600 nm) it is clear to see that the predicted coupling efficiency is ∼ 65%. This demonstrates that with ExAO levels of wavefront correction it is possible to obtain coupling efficiency's of the order of that seen in MMF-fed spectrographs.
The coupling efficiency was subsequently measured on-sky on the night of the 18 th of March, 2015 on Alpha Boo. Data was acquired around UT2 : 26 hrs. 3 data sets of 15 s length, sampled at 1 kHz were collected in each of the 6 spectral channels with the SMF and MMF respectively. Data sets with no light falling on the detector were also collected to subtract off the bias. The mean coupling efficiency over the 15 s time interval is plotted for one data set in the left panel of Fig. 5 . The coupling efficiency reaches a maximum of 24% at 1500 nm and is dominated by residual wavefront error from uncorrected turbulence. The right panel in Fig. 5 shows the corresponding 15 s temporal sequence of the coupling efficiency for the 1550 nm spectral channel. It is clear that the coupling in fact has a strong modulation. Indeed at some point in the time series the coupling almost vanishes. The structure of the temporal sequence is indicative of a periodic perturbation. A power spectral density plot of this data is shown in Fig. 6 . The power spectrum reveals a strong modulation at 6.3 Hz. By employing accelerometers mounted on the top ring of the telescope, it was determined that this was associated with strong telescope vibrations which manifest as tip/tilt errors. This is a known issue with the Subaru Telescope and the SCExAO control loop is currently being modified in order to try and measure and eliminate this by employing a linear, quadratic, Gaussian (LQG) control loop.
14 Alternatively one could observe in periods outside the times with high levels of vibration.
On the night of 21
st of March, 2015, data was acquired on the target Alpha Hydrae at UT7 : 00 hrs. The Strehl ratio behind SCExAO was much higher (65-70%) on this target as there were no telescope vibrations and the seeing was better than median (0.5" in v-band). The coupling efficiency is shown in Fig. 7 for a single data set and is unsurprisingly better than for Alpha Boo. It can be seen that the mean coupling efficiency reaches 48% at 1500-1550 nm. The temporal plot (right panel) shows that the coupling even gets up to 60% at some points and it is the large occasional dips in coupling that bring down the mean. The temporal signature has no noticeable structure to it like it did for Alpha Boo which is consistent with our choice of a period free from telescope vibrations. By using the 48% coupling efficiency it is possible to determine the Strehl ratio indirectly from the left panel in Fig. 4 . It can be seen that this level of coupling at 1550 nm would correspond to 65-70% Strehl ratio which is consistent with that determined from focal plane images.
As the wavefront control on SCExAO improves throughout commissioning, and the residual wavefront error is further reduced, the coupling efficiency will steadily increase to the levels observed in the laboratory. The encouraging result is that the laboratory characterization of the coupling as a function of turbulence settings is useful for predicting on-sky levels of performance.
SMF fed spectroscopy
The photonic spectrograph had a 44 ± 3% efficiency as measured from the SMF to the detector plane (not including the camera QE) for an unpolarized beam at 1550 nm. It offered a R > 4500 at the center of each FSR. The spectrograph was operated on numerous observing nights in the background of normal SCExAO operation and some preliminary data is shown in Fig. 8 . The data was taken on the night of the 29 th of July, 2015 on the target MuCep. The left panel shows a co-add consisting of 89 cubes, with 100 frames each which were dark subtracted, flat fielded and destriped. The exposure time was 200 ms. The J-H gap is clearly visible. The right panel shows an extracted spectrum from such an image. A template spectrum taken from IRTF's catalog is shown for reference. 15 It is clear that the extracted spectrum closely resembles the reference spectrum validating the successful operation of the photonic spectrograph. The extracted spectrum suffers a little from poor wavelength calibration and flat fielding which can be remedied in future to improve the quality of the data. 
DISCUSSION
This work shows the first comprehensive study of the coupling efficiency into a SMF from a telescope while exploiting apodization optics and advanced wavefront control. The peak coupling efficiency observed was 74% in the diffraction limit, which is ∼ 15% higher than the theoretical limit for coupling to a SMF from Subaru telescope given the large secondary mirror. This unequivocally validates that the PIAA lenses are useful for fiber injection. In addition, a map of coupling efficiency as a function of the degree of wavefront correction was built and will be useful for predicting future on-sky performance.
With 65% Strehl ratio in the H-band on-sky, a coupling efficiency of 48% was obtained and with improvements to the control loop of SCExAO is forecast to increase on brighter targets (i < 9 th magnitude). This efficient demonstration of coupling to a SMF was subsequently exploited to conduct low resolution spectroscopy. A spectrum of the star MuCep was presented validating the highly efficient (44%) photonic-based spectrograph and demonstrating one potential application of a SMF fiber injection behind an ExAO system.
